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Response to Reviewer #2

Thank you for your detailed review of our manuscript. Following your sugges-
tions, we have carefully edited our manuscript for both clarity and conciseness.
Variable names for the various forms of Cant have been changed for clarity, and the
introduction and methods have been rewritten. Another large change is the removal
of the detailed description of the IRF model in the methods and Appendix. Please
consider our detailed responses below:

1) Structure and conciseness of the manuscript (mainly introduction and
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methods):

*The concept of an exponential growth of emissions leading to a constant
sink rate (under assumptions) is quite central in this work, and it needs to be
introduced and put into context. Currently this concept is first mentioned in
passing in line 44. It needs to be introduced to the reader before the sink rate is
mentioned.

Thank you for this suggestion, we will introduce this earlier in the manuscript:

“Exponential growth of CO2 emissions leads to a declining sink rate as a result
of climate change and reduced chemical capacity of the ocean. Slower than exponen-
tial CO2 emissions results in atmospheric growth rate also driving a decline in sink rate.”

*line 50-53: " Nearly every nation..." I don’t see that this sentence adds
anything new here, consider deleting.

Agreed, we have removed this line.

*The authors claim that "In the RCP8.5 scenario (Meinshausen et al., 2011),
pCO2_atm increases exponentially..." (line 71). To me it is unclear to which
degree the RCP8.5 emissions or concentraions can be approximated by an
exponential, but this is not very relevant to this study either (since the baseline
is an idealized exponential growth). RCP8.5 is the outcome of an advanced
modelling exercise, so the emissions are not strictly exponential.

We have decided to keep this in the manuscript. This helps the reader under-
stand that the behavior of the sinks under RCP8.5 is similar to idealized scenarios with
exponential emissions and exponential pCOatm

2 increase. Under the nearly exponential
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pCOatm
2 of RCP8.5, declines in km are dominated by changing ocean circulation and

changing buffer capacity. In the other scenarios, changes to the atmospheric growth
rate play a role in the decline of km.

*Throughout the manuscript, the authors mention exponential historical
emissions. It should be made clear that this is an idealization (e.g. by saying
"roughly exponential" or similar). This is already the case in some places but
missing in others.

We agree that this makes things unclear and we will update the manuscript ac-
cordingly.

*lines 54-67: Again, all this could be much more concise. The feedback studies
mentioned are considering a single (exponential) concentration pathway, so
they cannot quantify an uptake efficiency for different emission pathways. (And
yes, in addition to this, they cannot quantify the contribution of a changing
buffer factor, either).

We understand that to someone familiar with climate-carbon feedbacks and the
ocean carbon cycle, these lines may be unnecessary, however will keep these lines in
the manuscript given the broader readership of Biogeosciences.

*line 74-78: Consider moving this up to lines 40-50 where k_s in general is
introduced.

We agree and have moved it up to where kS is introduced.

*lines 102-106: This text is not necessary, we do not need a summary of
subsections at the beginning of a section. Please consider removing. The same
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applies for lines 271-277.

After further review, we agree and have removed the summaries.

*line 108: What is the first sentence of 2.1 supposed to tell us? Just start
with "The efficiency metric (eta) used here is defined as k_m ..."

We agree, and we now begin that line as you suggested

*The text explaining equation 4 (lines 112-118) can be shortened substan-
tially: "The historical scaling for ocean C_ant uptake (F_ant) is defined as:
(equation 4). The overset "*" indicates that a variable has been extrapolated
using the historical scaling. Here, we diagnose F_ant(1990) from the CESM large
ensemble simulations. For example...".

With another look we agree, and have shortened it as suggested.

*Delete unnecessary words, e.g. "mathematically".

After careful review we have removed many unnecessary words, including "mathemat-
ically".

*Lines 129-130: "While k_M remains constant,...". This does not reflect the
logic of this manuscript. The authors use the exponential scaling to define a
baseline against which simulated quantities are compared. The actual k_M is
not and does not need to be constant for this exercise.

As you have noticed this line is misleading and is clearly out of place. We have
updated the manuscript to the following:
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“We apply the historical scaling to Cant concentration. . .”

*Line 144: "The CESM provides a realistic simulation of the response of
the ocean carbon cycle to climate change." What do the authors mean by
"realistic"? I would suggest to delete this sentence.

We have removed the sentence following your suggestion.

*Section 2.3: Impulse response functions are a well established tool in cli-
mate modelling. It is useful to give a short explanation for those readers that
are not familiar and highlight those aspects that relevant for this study, but
otherwise the authors should refer the reader to the literature and shorten
section 2.3 substantially. Likewise the Appendix A is not necessary. The most
important assumption of IRFs is constant circulation. The most important
aspect of the Joos-IRF (hidden in the Appendix A) is the fact that, contrary to
atmospheric IRFs, the mixed layer IRF take ocean carbon chemistry (including
changes in SST) into account.

We have greatly shortened this section and removed the appendix as you sug-
gested. The response to SST is included in the main text. The temperature variable in
the pCO2 equation in the appendix is initial global mean SST. We have updated the
text so that there is a separate variable for this temperature (Tpi)

*Throughout section 2, it is unclear what the symbol C_ant(t) is supposed
to denote. In equation 7 it is the anthropogenic carbon content of the mixed
layer, but otherwise C_ant (often) seems to denote the total ocean anthropogenic
carbon. The authors also frequently use the expression "C_ant air-sea flux",
which I would suggest to replace by "air-sea flux of anthropogenic carbon" (and
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use F_ant as a short form of this if necessary).

We understand that the current usage of variables is very confusing, and appre-
ciate your suggestions. We have updated the ambiguous Cant variables to the
following:

Name Symbol Units
Time, depth, and space dependent anthropogenic carbon concentration Cant(x, y, z, t) mmol m−3

Mixed layer Cant concentration CML
ant (t) mmol m−3

Atmospheric anthropogenic carbon inventory CATM
ant (t) Pg C

*Section 2.3: The remaining description of the 1d-model is verbose and con-
fusing. Apparently, the authors "extend" the mixed layer IRF downward by
"plugging" a diffusion equation under the mixed layer IRF? Yes, the downward
flux can be determined "by residual", but then how are the profiles of C_ant(z)
calculated?

These lines should have been removed before submission given that we do not
show the downward flux in this version of the manuscript or the Cant(z) from the 1D
model. Cant(z) is calculated from the CESM. The 1D diffusion representation of ocean
physics for conceptual purposes.

*Section 2.5: Equation 12 can be derived by assuming F_ant =
F_ant(pCO2atm(t),pCO2ocn(t)). Then, later, it is additionally assumed
pCO2ocn=pCO2ocn(C_ant,T). This should be made clearer. (Again C_ant
here means surface C_ant).

We would like to make this more clear, but from this comment it is not clear
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what you would like clarified. Hopefully changing Cant to CML
ant (t) makes things more

clear.

*Section 2.5: The equation del F_ant/del pCO2atm = del F_ant/del pCO2ocn, is
this based on Equation 10? Then a minus sigh is missing. Also, the dependency
of the transfer velocity on temperature is neglected in this step. How does it
follow from Equation 12 that "The pCO2ocn closely follows pCO2atm, and the
sign of their growth rates is the same"?

Thank you for catching the missing minus sign. In our simplified model the transfer
velocity is independent of temperature. Also, the statement "The pCO2ocn closely
follows..." is not derived from the equation 12. It’s a useful heuristic for understanding
the equation that is derived from the behavior of the model.

*Section 3.1: If a paragraph begins with "In the RCP4.5 scenario, changes
to the spatial pattern lie somewhere between RCP8.5 and the 1.5C scenario"
both scenarios should have been discussed already. This is not the case here

Thank you for catching this mistake, we no longer reference RCP8.5 before dis-
cussing it.

2) In my opinion, the term "historical scaling" used by the authors is mis-
leading or at best confusing. The sink rate has not been constant over a
substantial part of the historical period in observations (Raupach et al. 2014,
cited) as well as in the model experiments used in this study (Fig S1). If the
authors wish to replace the previously used term "transient steady state", why
not just saying what it is, e.g. "exponential scaling" (or something similar that
does not refer to the historical period)?
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Thank you for your feedback, we see how this is confusing in the current ver-
sion of the manuscript so we have updated the introduction. Exponential CO2
emissions growth is a necessary, but not sufficient condition to ensure that Fant =
∗Fant. The historical scaling of Fant holds if the following conditions are met: the
impacts of climate change are small, ocean chemistry is relatively unchanged, and
emissions continue at a exponential rate. Over the historical period, changes in these
conditions are small, therefore Fant ≈ ∗Fant. In Figure 3a from Devries (2014), it is
evident that observational estimates of the increase in Fant, is nearly proportional to
the increase in pCOatm

2 , therefore we can assert that variability in kM doesn’t make
the long term change in Fant inconsistent with the historical scaling. We refer to the
scaling as the historical scaling because the necessary conditions are only satisfied
over the historical period, in the RCPs these conditions are not all satisfied.

4) Choice of time periods:

The time period 1920-2006 is not the "historical period". From a CMIP5
perspective this would be 1850-2006. Why do the authors choose 1920 as a
starting year? Likewise, why do the authors not use the last 20 years of the
scenarios, which would be most interesting period in the mitigation scenarios?

The choice of time period was set by the length of NCAR’s simulations. The
historical period of the CESM ensembles begins in 1920, which differs from the CMIP5
protocol (1850 starting year). The CESM ensemble for RCP4.5 ends in 2080, while
the RCP8.5 and 1.5C scenarios end in 2100. From 2080-2100 in the 1.5C scenario,
the air-sea flux remains close to 0, thus 2080 is a natural cut off.

5) 1d-model evaluation:

To me it is not given that the 1d diffusion model has skill in reproducing
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the CESM global mean C_ant profiles for all scenarios, but this is the basis of
the analysis of the "gradient effect".

We will update our manuscript to emphasize that our diagnosis of the gradient
effect is not based on the 1D diffusion model. Changes to downward anthropogenic
carbon transport are either due to changes in the circulation or the gradient of Cant. In
experiments with ocean GCMs, changes to downward anthropogenic carbon transport
due to changing ocean circulation are small (Winton et al. 2013, Bronselaer and Zana
2020). Thus, regardless of whether the circulation is parameterized as diffusive as
in the 1D model, or a mix of diffusive and advective processes as in the CESM, the
change in vertical transport is largely due to changes in the vertical gradient of Cant. In
conclusion, we can diagnose the gradient effect directly from the CESM simulations.

The space saved by shortening Section 2 could be invested in presenting
a brief evaluation of the (full) 1d-model compared to CESM. How well does the
fitted 1d-model reproduce F_ant in the 3 different scenarios?

The 1D-model’s representation of Fant is shown in Figure 2d. Fant as simulated
by the 1D model is almost identical to the CESM simulations of Fant, as a result of the
tuning process.

More important, how well are vertical profiles of C_ant simulated? To me
it is not given that the 1d diffusion model has skill in reproducing the CESM
global mean C_ant profiles for all scenarios, but this is the basis of the analysis
of the "gradient effect".

In order to clarify any potential confusion, we have updated the manuscript to
make it more clear that the profiles of Cant(z) shown are only from the CESM. In fact,
with the pulse response form of the model, we do not simulate the 1D model’s vertical
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profile.

6) Section 3.4:

This section is not easy to follow. What is the main point here? I guess it
is the fact that the ocean uptake in the strong mitigation scenario after 2040
is maintained by the ocean through continuous downward mixing (otherwise
the surface ocean would start outgassing because pCO2atm declines already).
Could the authors please add some easy to understand explanations here?

Your interpretation is correct. This section quantifies how the atmospheric growth rate
supports the air-sea flux in the RCP4.5 and RCP8.5 scenarios, and acts to decrease
the air-sea flux in the 1.5C scenario.

Further, related to my point 5) above, how realistic is this process simu-
lated by a 1d-model?

This is the most simplistic way to view the ocean anthropogenic carbon air-sea
uptake, but has been shown by many authors to be very useful in the study of the
carbon cycle (Joos et al., 2013; Raupach et al., 2014; cited).

In reality we would have upwelling of waters that have been last in contact
with the atmosphere in preindustrial times, that can potentially sustain ocean
uptake even under declining CO2, but this is not the case in the 1d-diffusive
model. Here the processes must be different. Could the authors please comment
on this?

Advection and diffusion both act to mix anthropogenic carbon downwards in the
ocean. Although the upward and downward advective fluxes are not necessarily
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colocated (e.g. Southern Ocean upwelling, subtropical downwelling), we are only
interested in the integrated effect of advection on the global air-sea flux. Thus, the
vertical mixing of anthropogenic carbon can be conceptualized as a 1D diffusion
process.

Secondly, the HILDA model, which the mixed layer response function is derived
from, includes a representation of advection and diffusion. As the impacts of climate
change on ocean circulation increase, the advective and diffusive processes respond
differently; however, over the next 100 years changes in uptake related to these
transport processes are small (Winton et al., 2013, Bronselaer and Zana 2020).
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